Helical Savonius rotor is considered to be superior to conventional Savonius rotor in terms of higher power coefficient (C p ) and better starting characteristic. However studies related to helical Savonius rotors is few. In view of this, in this paper, the performance of a helical Savonius rotor with shaft at 45° bucket twist angle for one complete cycle of rotation was analyzed using Computational Fluid Dynamics. A two-bucket helical Savonius rotor with shaft was designed using GAMBIT, having a height of 60 cm and diameter of 17 cm with 45° bucket twist angle. A three dimensional Computational Fluid Dynamics analysis using Fluent package was done to predict the performance of the rotor. Standard k-ε turbulence model with second order upwind discretization scheme and standard wall condition was used. Grid independence test was also conducted to have the best meshing accuracy. Power coefficients (C p ) of the rotor at different tip speed ratios were evaluated for rotor angle variation from 0° to 180°. C p at each rotor angle increased with increase of tip speed ratio up to an optimum tip speed ratio, but then decreased even if tip speed ratio was further increased. Moreover, the effect of rotor angle on C p in a complete cycle of rotation was analyzed. C p was found to be positive at all rotor angles, and higher values of C p were obtained at rotor angles namely 45°, 90°, 225° and 270°, which would contribute maximum power production by the rotor. In addition to these, flow physics of the rotor was studied using tangential velocity plots w.r.t. rotor angle and path lines across the rotor. It was found that at 45°, 90° and 135° rotor angles, maximum concentration of the path lines near the tip of the blades in the upstream and downstream side of the rotor had occurred, which would be responsible for generation of maximum power coefficient in its clockwise rotation.
D
Overall rotor diameter 
Introduction
Wind energy is expected to play an increasingly important role in the future national energy scene (Fung, Scheffler, & Stolpe, 1981; Sesto & Casale, 1998) . It has been estimated that roughly 10 million MW of energy are continuously available in the earth's wind. Greenpeace predicted that about 10% electricity could be supplied by the wind by the year 2020 and with the improved technology along with superior economics; experts predict wind power would capture 5% of the world energy market by the year 2020 (Joselin, Herberta, Iniyanb, & Sreevalsanc, 2007) . In the last few decades many researchers had worked on the different designs of Savonius rotor and obtained its efficiency in the range of 15%-38% (Khan, 1975; Modi, Roth, & Fernando, 1984; Sharma, Gupta, Singh, & Singh, 2005; Biswas, Gupta, & Sharma, 2007) . There had been some works done as to incorporate some modifications in the design of blades so that Savonius rotor may be quite useful for small-scale power requirements. Research conducted by Grinspan et al. (2001) in this direction led to the development of a new blade shape with a twist for the Savonius rotor. He reported a maximum power coefficient of 0.5. In the Continuation Saha et al. (1994) performed experiments on twist bladed Savonius rotor made of bamboo in a low-speed wind tunnel. They showed that their model was independent of wind direction and though the model produced slightly lower rotational speed but easy fabrication of such models made their design suitable for small-scale requirements. Further such design can worth hundred times better than those using deflecting plates & shielding to increase efficiency (Huda, 1992) , which would make the design structurally complex. Again Saha and Rajkumar (2005) performed work on twist bladed metallic S-rotor and compared the performance with conventional semicircular blades having no twist. They obtain C p of 0.14, which was higher than that of the later with C p of 0.11. The rotor also produced starting torque and larger rotational speeds. Kamoji et al. (2010) tested a helical rotor with a twist of 90°. They conducted experiments in an open-jet wind tunnel at gap ratios of 0.0, 0.05, and 0.08 to study the effect of the overlap ratio and the Reynolds numbers on its performance to evaluate the static torque, the dynamic torque, and the power coefficients. Morshed (2010) investigated the aerodynamic performance of three-bladed Savonius rotor, through wind tunnel experiments to find the aerodynamic characteristics like, drag coefficient, torque coefficient, and power coefficient of the rotor models with and without overlap at various Reynolds numbers. They compared its performance with and without a shaft between the end plates at different overlap ratios. A helical rotor without a shaft was also compared with the performance of the conventional Savonius rotor. They found that all helical rotors have a positive power coefficient of static torque for all rotor angles, but the rotors with a shaft had a lower power coefficient than those without. The power coefficient of the rotor without a shaft with a zero overlap ratio was marginally less than the conventional Savonius rotor. The rotor appeared to be sensitive to the Reynolds number, but this finding must be confirmed by rigorous experiments. Further, Bhaumik and Gupta (2010) studied experimentally the performance of helical Savonius rotor at 45° twist angle in a centrifugal blower. They consider the provision of different overlap ratio from 0.106 to 0.186.It is concluded from their result that maximum C p is obtained as 0.421 at an overlap ratio of 0.147. Gupta and Deb (2011) www.ccsenet.org/mer Mechanical Engineering Research Vol. 3, No. 1; 2013 studied the CFD analysis of a two bucket helical Savonius rotor with shaft at 45° twist angle. From their study they concluded that the highest values of dynamic pressure and velocity magnitude were obtained at the chord ends with 45° bucket twist and 90° rotor angle, which would ensure improved performance of the rotor as a whole by increasing the aerodynamic torque production of the rotor.
Keeping this in view, a two-bucket helical Savonius rotor with shaft having 45° bucket twist angle was designed.
Computational fluid dynamics analysis using Fluent software package (Fluent 6.2 documentation user's guide.
2005) was done to analyze the power coefficient of the helical Savonius rotor with shaft at 45° bucket twist angle at different rotor angles namely 0°, 45°, 90°,135° and 180°. Analysis is also done at maximum tip speed ratio, variation of coefficient of power in a complete cycle of rotation from 0° to 360° in a step of 45° rotor angle. Further X-Y plots of tangential velocity and path lines for flow visualization at different angle is done to understand the flow physics of the rotor.
Geometry Model
The three-dimensional model of the two-bucket helical Savonius rotor with shaft at 45° twist angle is shown in Figure 1 . Both the inner edge and the outer edge undergo a twist of 45°, a quarter pitch turn. The blade retains its semi-circular cross section from the bottom (0°) to the top (45°). The buckets were spaced 180° apart and were fixed to the central shaft with nut and bolt arrangements. The physical models were designed for five rotor angles namely 0°, 45°, 90°, 135° and 180°. 
Computational Model

Meshing Geometry and Boundary Condition
The designing of the computational mesh is done in Gambit 6.3.26 of the Fluent package. The computational domain of the rotor with the boundary conditions and the computational mesh for the rotor is shown in Figure 2 and 3. Velocity inlet and pressure outlet conditions were taken on the left and right boundaries respectively. The top and bottom boundaries of the computational domain had symmetry conditions on them. The buckets and the central shaft contained standard wall conditions. The computational mesh, composed of tetrahedral cells, is generated by placing the rotor in a box of dimensions 80 cm × 80 cm × 80 cm through which the air flow occurs. 
Turbulence Model
In this study Standard k-ε turbulence model has been used with logarithmic surface function in the analysis of turbulent flow. Momentum equation, x, y and z components of velocity, turbulent kinetic energy (k) and dissipation rate of turbulent kinetic energy (ε) have each been solved with the use of the program. All these equations have been solved by using the iteration method in such a way as to couple each equation in the central point of the cells, and second order interpolation method with a high reliability level has been employed. In the present study, the standard k-ε turbulence model with standard wall condition was used.
The standard k-ε equations can be represented as:
In these equations, G k represents the generation of turbulence kinetic energy due to the mean velocity gradients. Y M represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. C 1ε and C 2ε are constants. σ k and σ ε are the turbulent Prandtl numbers for k and ε , respectively. S k and S ε are user-defined source terms.
Analysis of Results
After the convergence of the solution, the power co-efficient (C p ) values are calculated for each value of input air velocity, rotor rotational speed and position of bucket at different rotor angle and tip speed ratios (λ). Following are the equations used to get the power coefficient.
Variation of Power Coefficient at Different Rotor Angle
Figures (4.1-4.5) show below the maximum coefficient of power at different tip speed ratios (λ) whereas Figure  1 .6 shows the variation of coefficient of power in a complete cycle of rotation (i.e. 0° to 360° in step of 45°). Tip speed ratio is defined as the ratio of blade rotational speed to the free stream velocity. 
X-Y Plot of Tangential Velocity
These plots are mainly two dimensional graphs that represent the variation of one dependent transport variable against another independent variable. The X-Y plots are the most precise and quantitative way to present the numerical data. X-Y plot of tangential velocity on surface located at centre of the wall are shown below in Figures 5.1-5.5. The variation of tangential velocity in different position from velocity inlet to the pressure outlet at the sweep surface i.e. at the centre of the wall is observed. The maximum change in tangential velocity will occur when the flow strikes the advancing bucket orthogonally and then the velocity gradually decreases in the downstream. Thus from the above XY plot it is shown that the maximum change in tangential velocity for helical Savonius rotor with shaft will occurs at 45°, 90° and 135° rotor angle while at 0° and 180° rotor angle the change in tangential velocity is approximately same. Hence it is concluded from XY plot analysis of tangential velocity that the performance of helical Savonius rotor with shaft produces maximum power at 45°, 90° and 135° rotor angle where the maximum change in tangential velocity across the rotor occurs. 
Path Lines across the Rotor
Path lines are used to visualize the flow of mass less particles in the problem domain. The fluid motion in computational domain is described by tracing the kinematic behavior of each and every individual particle constituting the flow. Figures 6.1 to 6.5 shows the path followed by a fluid particle from velocity inlet to pressure outlet while in motion. The path lines at the sweep surface of the plane perpendicular to the rotor axis at a distance x = 0, y = 1 and z = 0 are shown for 0°, 45°, 90°,135° and 180° respectively. When bucket position is at 45°, 90° and 135° rotor angles, maximum concentration of the path lines towards the tip of the blade at the upstream and downstream side of the rotor occurs, which is responsible for generation of higher aerodynamic torque for producing maximum power. While at 0° and 180° rotor angle significant flow separation occurs and hence power coefficient is less at this rotor angle. 
Conclusion
The performance of a helical Savonius rotor with shaft at 45° bucket twist angle for one complete cycle of rotation was analyzed using Fluent CFD software. From the study, the following conclusions are summarized:
1) The power coefficient (C p ) increases with the increase in tip speed ratio up to a certain limit i.e. 1.636 and then decreases with further increase in tip speed ratio. Therefore there is an optimum tip speed ratio at which C p is the maximum.
2) The power coefficient obtained at all the rotor angles is positive. Thus at all rotor angle positive power coefficient is obtained from the rotor. And higher values of C p are obtained in the advancing stroke of rotation from 45° upto 110° and in the return stroke of rotation beyond 180° upto 270°, thus contributing to maximum power production by the rotor in these range of angles, which is also corroborated from the analysis of tangential velocity distribution across the rotor at these rotor angles.
3) From XY plot it is shown that the maximum change in tangential velocity for helical Savonius rotor with shaft will occur at 45°, 90° and 135° rotor angle to produce maximum positive tangential thrust while at 0° and 180° rotor angle the change in tangential velocity is approximately same.
4) Path lines for flow past the rotor shows its higher concentration near the tip of the blades in the upstream and downstream side of the rotor, which is responsible for generation of maximum power coefficient in its clockwise rotation.
